Introduction
Color plasma display panels (PDPs) have been rapidly developed due to their excellent performance as large flat panel displays. 1, 2) Generally, AC-PDPs consist of electrodes, barrier ribs, discharge cells, dielectric layers, and a protective layer. The size of discharge cells is very small, that is, the gap length of the cell, d, is about 100 m. The pressure of the cell, p, is roughly in the order of one atmosphere. The product value of p and d is in the order of 10 À2 mÁTorr. A mixture of inert gases, such as Ne and Xe, fills the discharge cell. By applying voltages to the electrodes, a discharge is initiated in the discharge cell, which leads to vacuum ultraviolet (VUV) radiation. In general, PDPs utilize the 147 nm VUV Xe resonance photons to excite the phosphor which is formed on the walls of the barrier ribs. A MgO layer on the dielectric layer and electrodes protects them from the bombardment of ions, electrons, photons, and metastable atoms which exist in the discharge cells of AC-PDPs during the discharge operation. Additionally, materials used as a protecting layer in the PDPs are required to have high ion-induced secondary electron emission (SEE) yields which will be beneficial for maintaining high plasma density and decreasing the discharge voltages (the firing and sustaining voltages) in the PDP cells. 3, 4) Typical deposition methods for a protective layer are evaporation and sputtering.
However, the discharge voltages of a PDP with a conventional MgO protecting layer are still considered to be too high to permit standard integrated circuits; further voltage reduction is desirable to obtain high-performance PDPs.
5) Hence, it is necessary to develop a new protecting layer which has higher ion-induced SEE yield than that of a conventional MgO layer. Among numerous candidate materials, here, we propose the growth of a MgO layer on carbon nanotubes (CNTs). Since their discovery by Iijima in 1991, 6) CNTs have attracted considerable attention due to their excellent electronic and structural properties. Among the many applications, 7, 8) Yi et al.'s report on the extraordinary high electron-induced SEE yields for MgO/ CNTs 9) suggests the positive possibility of the application of this material to AC-PDPs.
In this work, we study the characteristics of ion-induced SEE yields of the MgO/CNT structure, and its possible application to AC-PDPs as a protective layer is investigated by fabricating a prototype. It is expected that due to its high SEE yields, the structure of MgO/CNTs will enable the application of a protective layer to AC-PDPs to decrease discharge voltages.
Experimental
In order to investigate the properties of ion-induced SEE for MgO/CNTs, we have manufactured two samples with a different in CNTs prepared by screen-printing CNT paste and by plasma-enhanced chemical vapor deposition (PECVD). CNT paste was fabricated by mixing purified single-walled CNTs (SWNTs), which were synthesized by arc-discharge, with glass powder and organic binders. 8) The CNT paste was screen-printed on the glass substrate, and then the CNT layer was obtained by thermal treatment at 350 C for 20 min in order to burn out organic binders (this CNT will be denoted as SP-CNT).
8) The other CNT layer was grown by PECVD after coating a thin nickel layer on glass by dc magnetron sputtering (Ulvac Co.). Acetylene and ammonia gases were used for CNT growth (this CNT will be denoted as PE-CNT).
After each SP-CNT and PE-CNT layer was formed on the glass, a MgO layer was deposited on it by electron beam evaporation (Ulvac Co.) at the deposition rate of approximately 1 nm/s in a vacuum of about 1:1 Â 10 À6 Torr at 100 C. The thickness of the MgO layer was varied between 150 and 500 nm. Schematics of the PDP cell structure and MgO/CNTs structure are shown in Fig. 1 .
The ion-induced SEE yield () as a function of the energy of ions was measured using a focused ion beam FIB). The FIB was a neon ion beam, the energy of which was varied from 30 to 150 eV. In this system, the ion-induced SEE yield is defined by
where I t is the total probe current, I e (I e ¼ I t À I i ) is the SEE current, and I i is the current of the incident ion beam. The details of the measurement method are given elsewhere. 10) Figure 1 shows the structure of the PDP cell used in this experiment. Dielectric layers and barrier ribs in the panel were prepared by the conventional screen-printing method, and the transparent indium-tin-oxide (ITO) layer for the electrodes on the rear plate were patterned by the lithography process. The SP-CNTs were formed on the dielectric layer by the screen-printing method and then the MgO layer was deposited on the SP-CNTs. Each panel was annealed at 320 C for 2 h in a vacuum annealing system at 7 Â 10 À7 Torr. After annealing, Ne þ 3% Xe penning mixture gases were fed into the panel. Discharge characteristics for the firing and sustaining voltages of the panels were evaluated under 20 kHz square wave pulse operation.
Results and Discussion
The ion-induced SEE yields as a function of the acceleration voltages of Ne+ions from 50 up to 150 V are shown in Fig. 2 , where all CNTs were grown by PECVD. The SEE yields for four samples, i.e., PE-CNT layer, 150-nm-thick MgO/PE-CNT layer (denoted as MgO1/CNT), 500-nm-thick MgO/PE-CNT layer (denoted as MgO2/CNT), and conventional MgO layer, increase as the ion acceleration voltage increases. In the low acceleration voltage range, which is the case for PDP operation, MgO/CNTs structures have higher SEE yields than the conventional MgO layer. The different surface conditions of the MgO layer on the CNT layer may be a possible explanation for this experiment (Fig. 2) . The SEE yields may be ascribed to the geometrical feature of CNTs, i.e., high aspect ratio and small tip radius at the apex.
9) It is considered that due to the geometrical nature of CNTs, the work function of the MgO layer on CNTs may be changed. From the potential theory 11) it is well known that is proportional to E iz À 2, where E iz is the ionization energy and is the work function of the film. Thus, larger may indicate a smaller work function for the MgO/CNT layer.
12) It is considered that the MgO surface modified by CNTs results in a decrease of the work function, leading to higher SEE yields of the MgO/CNTs structure than that of conventional MgO. However, an ovely thick MgO layer on CNTs may negate the geometric benefit of CNTs, which is the case for 500-nm-thick MgO/CNTs in our experiments. This is shown in Fig. 2 , that is, 500-nm-thick MgO/CNTs exhibit lower SEE yields than 150-nm-thick MgO/CNTs. However, the details are not yet clearly understood.
All MgO/SP-CNTs in Fig. 3 were prepared by the screenprinting method, where ion-induced SEE yields for four samples, i.e., SP-CNTs, 150-nm-thickMgO/SP-CNTs (denoted as MgO1/SP-CNTs), 500-nm-thick MgO/SP-CNTs (denoted as MgO2/SP-CNTs) and conventional MgO layer, were compared. The MgO1/SP-CNTs also produced higher SEE yields than the MgO2/SP-CNTs, similar to the case of MgO/PE-CNTs. Although the detailed SEE characteristics for MgO/SP-CNTs are different from those of MgO/PECNTs, both exhibited higher SEE yields than a conventional MgO layer. This indicated that both cases will be beneficial for PDP panels based on their higher SEE yields. Since CNTs have poor transmittance in the visible light range, CNTs may hinder light under the current reflective structure of AC-PDPs. Here, in order to test the possibility of a MgO/CNT protective layer, a prototype of a transmissive AC-PDP having a protecting layer and sustaining electrodes in the rear panel was fabricated (see Fig. 1 ). This prototype structure enables the light to pass the front panel unlike the conventional reflective AC-PDPs. In contrast to SP-CNTs, PE-CNTs have difficulty in large-area applications. Thus, we applied the screen-printing method for the CNT layer in the MgO/CNT structure. In order to eliminate process dependence, two kinds of protecting layers, a conventional MgO layer and a MgO/SP-CNTs layer, were manufactured in the sample panel. The discharge characteristics of the panel with different protective layers were compared. Table I shows the comparison of discharge characteristics of a MgO/SP-CNT layer and a conventional MgO layer. The firing voltage, V f , is dependent on the gas mixture, the pressure of the discharge cell, and the SEE characteristics of a protecting layer. V f is defined by 13) 
where coefficients A and B are constants and are determined by the property of the gas. This equation clearly indicates that the firing voltage is dependent on the SEE yield of the protective layer, . As shown in Figs. 2 and 3 , we know that the MgO/CNT structure has higher SEE yield than a conventional MgO layer. Therefore, it is expected that the part with a MgO/SP-CNT layer has lower discharge voltage than that with a conventional MgO layer. The part of the panel with a MgO/SP-CNT protecting layer turns on at a lower firing voltage than that with a conventional MgO protecting layer. This experiment with a real panel strongly supports the usefulness of MgO/CNT materials as a protecting layer. Figure 4 depicts the firing and sustaining voltages of a MgO/SP-CNT layer and a conv entional MgO layer as a function of time. It was found that the discharge voltages for MgO/S P-CNTs were lower than those for a conventional MgO layer. It also shows that a conventional MgO layer has less voltage variation compared with the MgO/SP-CNT layer. After ion sputtering during discharge, the surface morphology of the MgO layer on the SP-CNTs is expected to be different from that of a conventional MgO layer, due mainly to the different initial surface morphologies of the two layers. Therefore, we found that the memory margin, which was the difference between the firing and sustaining voltages, for the panel with MgO/SP-CNTs was smaller than that for the panel with conventional MgO. Thus, further research on the memory margin is required for MgO/CNT application as a protective layer of AC-PDPs.
Conclusion
In summary, the SEE yield of the MgO/CNT structure has been investigated. It is shown that the values for MgO/ CNT structures are larger than that for a conventional MgO, possibly due to the influence of the surface morphology change effect of MgO. SP-CNTs are success fully applied to an AC-PDP prototype as part of a protecting layer. It can be concluded that SP-CNTs play an important role in lowering the firing voltage of the panel compared with a conventional MgO protective layer. Further work to realize high luminance efficiency using CNT materials for AC-PDPs is in progress. 
